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S u p e r c r i t i c a l  f l u i d s  (SCF) i n  tandem with adsorbent media are c u r r e n t l y  be ing 
used i n  a number o f  chemical processes. Such app l i ca t i ons  as t h e  regeneration of 
adsorbents, c a t a l y s i s  under s u p e r c r i t i c a l  condit ions, a n a l y t i c a l  and preparat ive 
chromatography, and t h e  proposed storage o f  r a d i o a c t i v e  gases i n  t h e i r  s u p e r c r i t i -  
ca l  s t a t e  (1-4) r e q u i r e  an understanding o f  t h e  r o l e  o f  SCF a t  t h e  sorbentlgas i n -  
ter face.  Adsorbate e q u i l i b r i u m  between a dense gas and adsorbent i s  no t  t o t a l l y  con- 
t r o l  l e d  by the  “ v o l a t i l i t y  enhancement” o f  t h e  sorbate by t h e  s u p e r c r i t i c a l  f l u i d ,  
but  can inc lude such a d d i t i o n a l  mechanisms as displacement o f  t h e  sorbate from t h e  
i n t e r f a c e  b y  t h e  SCF as w e l l  as thermally- induced desorpt ion ( 5 ) .  Unfor tunate ly ,  
many inves t i ga to rs  do n o t  apprec iate t h e  compet i t ive adsorpt ion e f f e c t  of t he  SCF 
a t  t h e  gas-so l id  i n t e r f a c e  and employ e x t r a c t i o n  condi t ions which are s o l e l y  based 
on t h e  s o l u b i l i t y  o f  t h e  adsorbate i n  t h e  s u p e r c r i t i c a l  f l u i d .  I n  t h i s  presentation, 
we s h a l l  discuss t h e  adsorpt ion o f  s u p e r c r i t i c a l  f l u i d s  on a c t i v e  adsorbents and 
show the relevance o f  t h i s  i n fo rma t ion  f o r  t h e  design o f  adsorbent regenerat ion pro- 
cesses. 

reduced s t a t e  . co r re la t i on  i n  F igu re  1. The choice o f  these regenerat ion condi t ions 
i s  p a r t i a l l y  emp i r i ca l  o r  based on s o l u t e  s o l u b i l i t i e s  i n  t h e  SCF. Whereas, h igh  
reduced temperatures (T )and pressures (p  ) maybe requ i red  t o  d isp lace po la r  species 
o r  h igher  molecular. weibht  components f r o h  t h e  carbon surface, these condi t ions can 
have an adverse e f f e c t  on  t h e  cyc le  l i f e t i m e  o f  t h e  adsorbent. The displacement 
c a p a b i l i t y  o f  s u p e r c r i t i c a l  f l u i d s  on p rev ious l y  adsorbed solutescan be maximized by 
s tudy ing t h e  adsorpt ion isotherm o f  t h e  SCF on t h e  adsorbent o f  i n t e r e s t .  The r e s u l t s  
presented i n  t h i s  paper are r e l e v a n t  t o  the  l a t t e r  phenomena and .can be o f  s i g n i f i -  
cant importance i n  regenera t i ng  weak t o  m d e r a t e l y  adsorbed species f rom the s o l i d  
surface us ing minimal gas compression. 

The phys i ca l  cond i t i ons  f o r  regenerat ing adsorbents vary w ide ly  as shown by the  

EXPERIMENTAL AND DATA SOURCES, 

Data f o r  t h e  adsorpt ion o f  s u p e r c r i t i c a l  gases on a c t i v a t e d  carbon were taken 
from the s tud ies o f  Ozawa and Ogino (6-8). Cor re la t i on  o f  t h e  adsorpt ion maxima for  
s u p e r c r i t i c a l  f l u i d s  oh various adsorbents as a f u n c t i o n  o f  pressure were der ived 
from the work o f  Menon ( 9 ) .  Tracer pu lse chromatographic experiments were performed 
by t h e  author a t  the U n i v e r s i t y  o f  Utah. The b a s i c  apparatus requ i red  f o r  performing 
these experiments has been p rev ious l y  described (10). Desorption breakthrough volumes 
were determined a t  40°C us ing  s u p e r c r i t i c a l  CO and He as c a r r i e r  gases. Two sorbent 
columns packed w i t h  alumina and cross l inked st$rene/divinylbenzene r e s i n  were u t i l -  
i zed  i n  these s tud ies.  Retent ion volume data were determined f o r  a a homologous ser- 
i e s  of n-alkanes (n-propane throuqh n-heptane) as w e l l  as benzene and naphthalene 
on t h e  above adsorbents. 

RESULTS AND DISCtiSSION 

‘A t y p i c a l  adsorpt ion isotherm f o r  a s u p e r c r i t i c a l  gas adsorbing on ac t i va ted  
carbon i s  shown i n  F i g u r e  2 .  Such isotherms show a l i n e a r  increase i n  t h e  amount of 
gas adsorbed w i t h  i nc reas ing  pressure and even tua l l y  e x h i b i t  a maxima i n  the  pres- 
sure range corresponding t o  p = 0.5-1.0. The shape o f  such isotherms i s  p a r t i a l l y  
in f luenced b y  t h e  adsorpt ion Snd pressure scales t h a t  are u t i l i z e d  (111, the maxima 
be ing  more pronounced when t h e  surface excess i s  used as a measure o f  t h e  q u a n t i t y  
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of gas adsorbed. Further compression of the SCF resu l t s  resu l t s  in a decrease of the 
surface excess as the density o f  the bulk f lu id  becomes equal t o  o r  exceeds the den- 
s i t y  of the adsorbed gas. The occurence of a pressure maximium i n  the adsorption iso- 
therm for the supercrit ical  gas on a given adsorbent i s  important, since i t  repre- 
sents a condition favorable f o r  the displacement of the adsorbed specie from the ad- 
sorbent surface. Typical conditions associated with the  occurence of the pressure 
maximium ( p  
pressure re&%rements fo r  attaining p 
close t o  the c r i t i ca l  temperature of !f% gas. T h i s  i s  consistent w i t h  the  larger up- 
take of supercrit ical  f lu id  by the porous medium. 

c r i t i ca l  properties and has prop89ed the  following equation which i s  applicable for  
adsorption on macroporous adsorbentsf 

) are presented i n  Figure 3 f o r  microporous carbons. Note tha t  the 
are lower when the adsorption i s  conducted 

Menon (11) has correlated p fo r  various gases in terms of t h e i r  respective 

The predicted p from this relationship have been plotted i n  Figure 4 from 20 t o  
100°C for carboRa8ioxide, ethylene, and chlorotrifluoromethane. The values fo r  pma, 
obtained from Equation 1 occur a t  reduced temperatures which are greater then 
unity, a resu l t  which is  quite different from the cases cited i n  F igu re  3 fo r  the 
microporous sorbents. 

Studies by several investigators (6-8) u t i l i z ing  different adsorbent/gas com- 
binations indicate tha t  the pore s t ruc ture  of the adsorbent has a pronounced effect  
on the value fo r  p . As shown i n  Figure 5, a decrease in the mean pore diameter 
of the activated c%%on decreases the pressure t o  a t ta in  maximium adsorption of the 
gas. This suggests tha t  there maybe some advantage t o  u t i l i z ing  a microporous adsor- 
bent in a supercrit ical  f l u i d  regeneration process, provided there is no inhibition 
t o  desorption due t o  res t r ic ted  diffusion of the displaced adsorbate from the  sor- 
bent bed. For activated carbons, the p occurs between 25-72 atmospheres depend- 
i n g  on the pore s i ze  distribution o f  tR8'adsorbent. Prediction of the adsorption 
isotherm f o r  the supercrit ical  gas on activated carbons of varying pore s i ze  dis- 
tr ibution can be accomplished by application of the Pickett equation ( 6 ) .  

i lar  t o  tha t  predicted by Equation lyabwever the absolute values f o r  p 
respondingly lower due t o  the pore s i ze  dependence. Figure 6 suggests t R %  lower 
values for p 
the adsorben!axHowever, a corresponding reduction in adsorbent surface area occurs 
upon decreasing the pore s i ze  and this i s  usually undesirable i n  t e r n  of providing 
a large adsorbent capacity. 

A knowledge of the dependence of adsorbate breakthrough volume on pressure can 
greatly aid in the design of a supercrit ical  f l u id  regeneration process. There is 
a paucity of information i n  the l i t e r a tu re  concerning this phenomena, hence, we have 
measured the desorption breakthrough volumes for  reversibly adsorbed species on beds 
of alumina and crosslinked styreneldivinylbenzene resin using the  elution pulse ana- 
log of frontal analysis. The desorption breakthrough volume, V , .can be readily ob- 
tained from the capacity factor,  k ' ,  f o r  the  various injected gorbates and is  given 
by Equation 2 as: 

The temperature dependence fo r  p on carbons exhibiting microoorosity i s  sim- 
are cor- 

can be obtained by reducing both the temperature and pore s ize  of 

V = V o ( k '  + 1)  2 )  

where V 
Figere 7 i l l u s t r a t e s  the dependence of the  desorption breakthrough volume on 

gas pressure fo r  benzene ddsorbing from crosslinked resin matrix. Close examination 
of the  plot reveals t ha t  there i s  a l inear  decrease i n  the breakthrough volume for 
benzene up t o  a pressure of approximately 70 atmospheres. Beyond this pressure, 
there i s  a rather dramatic decrease i n  breakthrough volume which continues up t o  a 
pressure of 100 atmospheres. Benzene breakthrough volumes a t  pressures beyond 100 

i s  the void volume of the column. 
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atmospheres tend t o  asympto t i ca l l y  appraoch a constant volume l a r g e l y  determined by 
the  dimensions associated wi th  t h e  bed voidage. This  general t rend  i n  desorpt ion 
breakthrough behavior ha5 been confirmed b y  running add i t i ona l  so lu tes on both 
alumina as w e l l  as t h e  c ross l i nked  res in .  I n t e r e s t i n g l y ,  t h e  t r a n s i t i o n  t o  a con- 
s t a n t  breakthrough volume occurs i n  approximately t h e  same pressure range f o r  a l l  
o f  t h e  adsorbates we have s tud ied  suggesting the  maximium adsorption o f  t h e  car- 
r i e r  f l u i d  occurs i n  t h i s  pressure i n t e r v a l .  Th is  r e s u l t  suggests t h a t  carbon d i -  
ox ide i s  d i sp lac ing  t h e  adsorbate from the  surface o f  t h e  adsorbent. It should be 
noted, t h a t  s e l e c t i v e  f r a c t i o n a t i o n  o f  t h e  adsorbed so lu tes  can be achieved b y  
operat ing i n  t h e  lower pressure regime, b u t  t h i s  segregat ion c a p a b i l i t y  i s  r a p i d l y  
l o s t  when pressures exceed 80 atmospheres 

The above behavior  has been v e r i f i e d  w i t h  s i m i l a r  adsorbates on alumina columns. 
F igure 8 shows t h e  dependence o f  t h e  capaci ty  f a c t o r  f o r  n-butane adsorbing on 
alumina as a f u n c t i o n  o f  gas pressure. The recorded decrease i n  t h e  capaci ty  f a c t o r  
p a r a l l e l s  t h e  reduc t i on  i n  adsorbate breakthrough volume as a f u n c t i o n  o f  pressure 
and i t  becomes constant  as t h e  breakthrough volume approaches t h e  v o i d  volume o f  
t h e  adsorbent bed. Add i t i ona l  experiments performed us ing hel ium as a c a r r i e r  gas 
a l so  showed a decrease i n  the  k ' .  f o r  n-butane as a f u n c t i o n  o f  i nc reas ing  gas pres- 
sure. As shown i n  F igu re  8, t h e  maqnitude o f  t h i s  change was not  as dramatic as 
t h a t  exh ib i t ed  f o r  t h e  a1umina-CO2-n-butane system, however the recorded reduct ion 
i n  k' suggest t h a t  a displacement mechanism i s  responsib le  f o r  t h e  capaci ty  f a c t o r  
changes when us ing t h i s  r e l a t i v e  i n e r t  gas. 

The above r e s u l t s  s t r o n g l y  support t h e  hypothesis t h a t  displacement o f  bound ad- 
sorbates b y  a s u p e r c r i t i c a l  f l u i d  can be a major f a c t o r  i n  regenerat ing adsorbent 
beds. Addi t ional  support f o r  t h i s  concept can be found f rom the  regenerat ion studies 
o f  Eppig and coworkers (3) who recovered ethanol, methyl e t h y l  ketone, and toluene 
from ac t i va ted  carbon beds us ing modest CO pressures ( 
so rp t i on  s tud ies o f  CO / l i g h t  hydrocarbon h x t u r e s  desorbing from molecular sieves 
(12) also i n d i c a t e  tha? CO 
Clear ly ,  t h i s  mode o f  adsoken t  regenerat ion can be used f o r  desorbing se lected 
so lu tes  w i thou t  t h e  need f o r  excessive gas compression. 

100 atm.). Competit ive ad- 

i s  p r e f e r e n t i a l l y  adsorbed ove r  the  alkane moiet ies.  
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FIGURE 8. Capacity Factor ( k ' )  f o r  n-Butane on A1703 vs 
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39 


